The experimental technique of velocity map imaging (VMI) enables measurements to be made of the dynamics of chemical reactions that are providing unprecedented insights about reactive scattering. This perspective article illustrates how VMI, in combination with crossed-molecular beam, dual-beam or photo-initiated (PHOTOLOC) methods, can reveal correlated information on the vibrational quantum states populated in the two products of a reaction, and the angular scattering of products (the differential cross section) formed in specific rotational and vibrational levels.
Introduction
Much of the chemical change that occurs in the laboratory or the surrounding environment is caused by collisions between atoms, radicals, molecules or ions. To understand chemistry at a fundamental level, whether in solution (perhaps in a synthetic organic chemical reaction), at an interface (such as in heterogeneous catalysis), in the gas phase (for example, in the atmosphere of Earth or other planets, or at the ultralow temperatures of interstellar space) or in plasmas (such as those used for materials processing), we need quantitative descriptions of the rates and mechanisms of reactive collisions. Among many important parameters affecting reactivity, these descriptions might include the dependence of the reaction on the energy of the collision, the orientations of the reagents (i.e., the stereochemistry), and the electronic states of the participating species. 1, 2 The electronic configurations of the reactants are particularly important because changes in the bonding or anti-bonding interactions determine the overall energy change from reagents to products and the locations of any energy barriers or wells along the reaction path. The variation in the potential energy with changes in the positions of all the atoms of the colliding species defines a multi-dimensional potential energy surface (PES), which is a key component of our understanding of chemical reactions. The PES controls the motions of all the atoms involved in a reaction because the forces experienced by the atoms at any particular geometrical configuration are determined by the gradients of the PES at that configuration. The shape of the PES incorporates the dependence of energy barrier heights or well depths on molecular geometry (such as relative orientation, or extension, compression and bending motions of certain bonds) and therefore determines whether a collision succeeds or fails to cause a chemical reaction. It also influences how the available energy is partitioned between different degrees of freedom of the products, namely vibrational modes (of which there can be many for polyatomic species; some modes may be more favoured than others), and translation and rotational motions.
Modern electronic structure calculation methods provide a means to quantify electronic energies for different geometries of a molecular system, and therefore can, in principle, be used to compute an array of energy points at selected geometries from which a PES is constructed. Ab initio calculations, which do not incorporate any empirical information, are proving increasingly successful for stable molecules or reactive systems involving a small number of light atoms with few electrons. [3] [4] [5] [6] For heavier atoms, the greater number of electrons increases the computational burden, while including more atoms raises the number of dimensions needed for a full PES (for N atoms, 3N -6 dimensions are required to specify the arrangements of all the atoms). For computational expediency, approximations are therefore required to obtain PESs for all but a few select chemical reaction: these approximations include use of semi-empirical functions describing the potential energy; 7 reduced dimensionality calculations, 8 in which only a limited number of degrees of freedom considered important to understand the reaction pathway are considered explicitly; or calculation of PE values "on-the-fly" only at geometries required for a computer simulation of the reaction. 9 Calculations of the nuclear dynamics then provide a bridge to experimental studies of chemical reaction mechanisms because they simulate the motions that take colliding species over any energy barriers, and show how the energy available to the products is channelled into vibrational, rotational and translational motions -properties of the products that can be measured by the modern arsenal of experimental techniques based on molecular beam and laser spectroscopy methods. 10, 11 Complementary experimental measurements can thus provide critical tests of the accuracy of a PES, and can be used to refine the choice of method used in an ab initio calculation, or to assess the validity of a semi-empirical electronic structure calculation method or the neglect of some degrees of freedom in a reduced-dimensionality treatment. For a given PE function, the calculation of the nuclear dynamics is, itself, a challenging task. Quantum dynamics may be treated using either time independent or time-dependent (wavepacket) scattering methods, 12 but only for a limited number of degrees of freedom. Classical trajectory methods provide a tractable and fast alternative to QM scattering calculations but will not account correctly for various quantum-mechanical phenomena such as tunnelling through energy barriers, scattering resonances, interference between pathways, and zero-point energy in vibrational motions.
From an experimental perspective, we must consider which measurements will be most informative in testing theoretical and computational descriptions of a chemical reaction, and which will provide greatest understanding of the chemical dynamics. The experiments should be designed so that the outcomes can be directly compared with scattering calculations, but the data can also be used to construct more simple models that provide us with chemical insights about reaction mechanism and dynamics. If we choose an apparently straightforward reactive collision (one that will be the subject of further discussion in this article) involving transfer of a single atom from one reagent to another:
Cl + CH 4 → HCl + CH 3 (1) there are many properties that we might try to measure experimentally, as illustrated by the following incomplete list: (i) how the reaction probability depends on collision energy; (ii) what orientation of a C-H bond in CH 4 with respect to the approaching Cl favours reaction; (iii) whether kinetic energy of the reagents, or rotational or vibrational energy of the CH 4 (and energy in which of several vibrational modes) most effectively promotes reaction; (iv) whether the energy of the reaction ends up as rotation or vibration of the HCl or the CH 3 or as kinetic energy; (v) what directions the products scatter relative to the direction of approach of the reagents. We might also try to deduce the shape of the transition state for the reaction, even if it only survives for ~100 femtoseconds, and whether weak long-range interactions such as dipolar or van der Waals forces have any influence on the reaction dynamics. Measurements of any of these properties in isolation provides us with valuable insights, but we learn more if we can relate several properties in a single, correlated measurement. For example, if we can measure the angular scattering of the products with simultaneous resolution of the vibrational and rotational quantum state of the HCl and the kinetic energy of the products, we may identify some dependence of the scattering on final quantum states, and learn a great deal more than from measurements that detect all products without any quantum-state specificity. [13] [14] [15] [16] Great strides have been made in our understanding of scattering dynamics using crossed molecular beam (CMB) methods and universal (massspectrometer (MS) based) detectors that can be rotated to detect the flux of products scattered into different angles. This angle-resolved flux is known as the differential cross section (DCS). 1 Correlated measurements, however, generally require a combination of molecular beam and spectroscopic detection methods (the latter to provide quantum-state specific data) and have been revolutionized by 2-D and 3-D velocity imaging techniques, 2, 10, 11, 17 as will be illustrated in this article.
Principles of velocity imaging
The principles and practice for 2-D and 3-D imaging of the velocities of photofragments and the products of reactive and inelastic scattering experiments have been described in detail in recent review articles, 17, 18, 19 and we therefore only provide an overview here. Figure 1 illustrates the steps in the formation of a product of a reaction and its detection by velocity map imaging (VMI). At the heart of an imaging instrument are a set of carefully designed electrostatic fields which project charged particles onto a position-sensitive detector: the positions at which the particles strike the detector depend on their velocities at the instant of their formation, whether they are electrons from a photoionization experiment, fragment atoms or radicals from photodissociation, or nascent products of a bimolecular reaction. In the case of neutral atoms, radicals or molecules, a quantumstate-specific resonance enhanced multi-photon ionization (REMPI) scheme is generally used to produce positively charged species with unchanged velocities; the recoil of a very light electron typically causes a negligible change to the velocity of the neutral species when it is ionized. The design of the electrostatic plates and lenses used to project the charged particles onto the detector is key, and modern refinements include lenses for VMI 20 (any two particles of the same mass with the same velocity strike the detector at the same point, regardless of whether they were formed in different locations), and weak field gradients or pulsed fields to enable slicing of an ion packet to extract only a subset of velocity components for analysis (typically only those ions with close to zero centre-of-mass (CM) frame velocity component along the imaging spectrometer axis Z). [21] [22] [23] VMI produces an image with high kinetic energy resolution, in principle enabling precise measurement of kinetic energy release distributions and thereby distinguishing channels corresponding to formation of products in different vibrational or electronic quantum states. Slice-imaging methods circumvent the need to reconstruct a full 3D velocity distribution from a 2D projection onto the imaging detector plane: although methods for the reconstruction are well-established, 10,24,25 they impose requirements of cylindrical symmetry on the experimental distribution under study and introduce noise to the final results.
Position sensitive detectors of various types are now employed in imaging experiments: a common feature is a stacked pair of microchannel plates (MCPs) which, when struck by an accelerated charged particle, generate a burst of electrons with a high gain (perhaps 10 6 electrons per incident particle). The detection of these electrons with positional information on the point of impact can be achieved by mounting a phosphor screen behind the MCP assembly; the phosphor lights up where it is excited by the electron burst, and this location can be captured by a synchronized CCD or similar video camera. Alternatively, the pulse of electrons can be recorded by using a multicomponent anode behind the MCPs which is designed to give positional information, either from the time delay for the collected charge to reach two or more signal outputs (a delay-line detector)
or from the fractions of the total charge collected by interleaved anode components of a specific design (e.g. wedge-and-strip detectors). 17, 18 Regardless of the method used, the position sensitive detector records two Cartesian components of the point of impact of an ion on the detector (the X and Y components) from which the X and Y velocity components can be deduced with knowledge of the point of impact for v X = v Y = 0, and the scaling factor relating radial distance on the detector to ion velocity. Accumulation of data over a large number of ion impacts on the detector builds up an image of the distribution of product velocities from a chemical reaction. It is desirable to limit the ion counts per laser shot to a small number to prevent Coulombic repulsion between the ions formed within the probe laser volume (space-charge effects, which can significantly perturb the nascent velocities). The method of determination of positions of arrival at the MCP detector can also be overwhelmed by multiple counts per laser shot. The spatial resolution of the detector can depend on a number of factors, which might include the channel size in the MCPs, the image size on the detector, the camera pixel resolution (or anode design for a delay-line or wedge-and-strip anode), the use of event counting and centring algorithms, etc., and more detailed discussions are provided elsewhere. 10, 11, 17, 18, 20 3. Procedures for imaging reactive scattering Figure 2 shows schematic diagrams of crossed molecular beam scattering instruments configured for detection of products either by a traditional detection system employing a MS, or by VMI. The two skimmed molecular beams define a plane in the laboratory, and, in the former instrument design, the MS is rotated in this plane to measure the flux of products scattered into an angle defined relative to some fixed direction in the laboratory. The times of flight of products to the detector depend on their speeds in the laboratory frame of reference, and a combined analysis of the speed and angular distributions in the lab frame can be used to reconstruct the scattering distribution in the CM frame. In this latter frame of reference, the net motion of the centre-of-mass of the collision system has been removed, and scattering angles and product velocities are beams is crossed by a laser beam which ionizes one or more reaction products quantum-state specificity, using a REMPI scheme, but there are also certain advantages to using a vacuum UV ionization laser, as will be discussed later The angular scattering of the products in the CM frame is generally described cross section I R (θ) (with typical units of Å Here, σ R is the integral reaction cross section and in terms of the CM-frame polar and azimuthal scattering angles system generally measures a flux of products, whereas a laser measure a density in the probe lase 7 products are assumed to be independent of the angle into which they scatter). The accumulation of experimental data by measurements at a sequence of lab-frame angles is painstaking, but the rewards have been great in terms of our understanding of chemical reaction pathways: such methods continue to be powerful approaches to the study of complicated, multiple reactions of radicals of the type that occur in combustion or in planetary atmospheres (including that of Titan) and the interstellar medium. 26 By way of contrast, the second panel of figure 2 shows an imaging detector that is fixed relative to the plane of the two molecular beams (shown as a dashed circle). The point of intersection of these beams is crossed by a laser beam which ionizes one or more reaction products ficity, using a REMPI scheme, but there are also certain advantages to using a vacuum UV ionization laser, as will be discussed later frame. The more slowly moving products in the lab frame will remain within the volume of the probe laser for longer than those with higher lab frame speeds, and therefore will be detected more efficiently. An experimental bias will therefore result towards detection of the slower products, but this can be corrected in the final data in a variety of ways. 10, 22, 30, 31 Although the schematic diagrams of crossed-molecular-beam experiments in figure 2 show the two beams intersecting at 90 o , variation of the intersection angle allows the collision energy to be altered. This strategy has been used to good effect in experiments with rotatable molecular beam sources [32] [33] [34] to study the effect of collision energy on reactive scattering dynamics; Liu, for example, has used measurements of integral and differential collision cross sections to provide definitive evidence for scattering resonances in several chemical reactions 3 -vide infra.
The use of skimmed molecular beams in an experiment of the type outlined in the preceding paragraphs has some down-sides however. The apparatus can be bulky, with demands for high pumping speeds to maintain appropriate vacuum conditions (although recent design innovations are reducing the experimental dimensions considerably 35 ). Signal levels can also be very low because of the need for seeded and skimmed molecular beams; improvements in the design of modern pulsed valves, giving shorter pulses of higher number density are having an impact here, however. 36, 37 Generation of atom or radical beams of sufficient density is also a challenge, and usually requires a discharge or photolytic source. subsequently employed by Chandler, 41 Kitsopoulos, 31 Suits 42 and others. Instead of two crossed molecular beam expansions, two parallel beams are employed, as shown in figure 3 ; one of the beams contains a molecular precursor to the desired atomic or radical reagent, and is intersected by a UV laser pulse which generates this reagent photolytically. Photodissociation generally imparts high speeds to the photofragments, and a well-chosen system (e.g. photolysis of Cl 2 at wavelengths of 355 nm or lower) ensures only a narrow spread of speeds, giving well-defined collision energies for subsequent collisions. Some fraction of the photofragments will fly in the direction of the second molecular beam, leading to chemical reactions, the products of which can be ionized by REMPI and their velocities captured by VMI on a detector located downstream of the photolysis and probe laser beams and oriented in a plane normal to the molecular beam directions.
If the two gas expansions give molecular beams that are closely matched in speed (as will be the case for dilute gas mixtures seeded in the same bath gas such as He or Ar), the relative velocity of the collision lies close to a perpendicular line connecting the two molecular beams, and is welldefined in the image plane. The precision with which the relative velocity vector and the collision energy can be defined in the experiment is improved by the use of skimmed molecular beams. An aperture or skimmer between the two beams will further constrain the velocities of the photofragments that can successfully undergo a bimolecular reaction, but at the expense of reduction in signal levels. As demonstrated by Toomes and Kitsopoulos, 31 variation of the time delay between the laser pulses that initiate reaction and probe the products is an effective way of eliminating bias towards either forward of backward scattered products, which have different labframe velocities and therefore require different times to reach the volume intersected by the probe laser. Examples of the use of this method will be given in section 4.
The PHOTOLOC approach illustrated in figure 4 employs a single expansion of a gas mixture into a vacuum chamber, followed by photoinitiation of reaction and spectroscopic probing of products.
This method was originally developed using laser induced fluorescence (LIF) and Doppler spectroscopy, 43 or REMPI and TOF measurements, 14, 44 but VMI offers experimental advantages.
The gas mixture contains a molecular reagent, and a photolytic precursor to an atomic or radical species, seeded in an inert carrier gas such as Ar. For example, for reaction (1), a mixture of CH 4 and Cl 2 is employed, with UV photolysis of Cl 2 generating the Cl atoms. In favourable cases, the two reagent gases (and the inert carrier) can be premixed, but reaction between these gases, which may take place at the surfaces of gas lines or the pulsed nozzle, can lead to unwanted build-up of contaminants; various designs of late-mixing nozzles have therefore been implemented, in which the reagents are mixed just prior to expansion into the high vacuum chamber. 45, 46 The principle underlying the PHOTOLOC method is that the distribution of scattering angles in the CM frame directly maps onto the lab-frame speed distribution of the reaction products: the relative velocity vector of the reactive collision and the velocity of the CM of the collision are close to parallel and with a common origin, so backward scattered products in the CM frame have velocity vectors that oppose the CM velocity, giving slow lab frame products, whereas the velocities of forward scattered products add to the velocity of the CM, giving fast lab-frame speeds. The relative velocity vectors for the collisions are broadly distributed in the lab frame (with a spatial distribution defined by the polarization of the photolysis laser and the velocity anisotropy parameter β for the photodissociation step that forms the atomic or radical reagent), but the analysis concentrates primarily on the speed distribution of the products, i.e. the magnitude but not the directions of the product velocities in the lab frame. Ambiguities arise in the analysis, however, if the co-product of the reaction, which is itself not probed spectroscopically, has internal degrees of freedom such as vibrational modes that can take up some of the excess energy of the reaction. The speed of the probed reaction product in the CM frame is then not single-valued, and a particular lab-frame speed can result from two or more different combinations of CM-frame speeds and scattering
angles. This ambiguity can be resolved -to some extent -by incorporating into the analysis the overall spatial anisotropy of the reaction product velocities in the lab frame, which reflect the β-parameter value for the photoinitiation step, modified by the distribution of scattering angles for the bimolecular reaction. Various methods have been developed to fit the radial and angular dependences of velocity map images from PHOTOLOC experiments to incorporate lab-frame speed and velocity anisotropy information, including a procedure based on Legendre moment analysis. In a generalized reaction of an atom with a diatomic molecule,
with reagents prepared in a molecular beam so that the internal energy of the BC molecule is close to zero, energy conservation dictates that
where E T and E' T are, respectively, the translational energies of reagents and products, ∆E is the energy change for the reaction, and E int (AB) is the internal energy of the diatomic product. The assumption has been made that the atomic product C is in its ground electronic state, so carries away no internal energy. Momentum conservation constrains the partitioning of kinetic energy between the AB and C products. If the initial collision energy, E T is sharply defined, the speed with which a C-atom product is travelling in the CM-frame therefore depends on the internal energy of the AB product formed in coincidence with it. Hence, a CM-frame velocity map image of the C atoms should show radial (i.e., speed-dependent) structure corresponding to C atoms of different speeds that depend on the vibrational and rotational energy levels in which the AB co-product is born. The rings of different radii in the image will have relative intensities determined by the probability of formation of the AB in these various vibrational and rotational levels. Given sufficient kinetic energy resolution, each C atom is therefore a messenger, relaying information on the energy content of its co-product AB.
For a reaction of an atom with a triatomic molecule,
there are more degrees of vibrational and rotational freedom of the two diatomic products than for the atom + diatomic molecule case, but the same principles still apply: if the CD molecule is probed by a spectroscopic technique that selects these products in a single rotational and vibrational energy level (v',J') of the ground electronic state, the internal energy, E int (CD), of the observed products is very precisely specified. The energy balance equation is now:
but the same arguments enable us to analyse the images of CD velocity distributions to derive information on the internal energies of the AB products. By changing the CD(v',J') state probed, we can unravel correlations between the internal energy states of the two products AB and CD of such a reaction: for example, a vibrationally excited level of the CD product, probed by REMPI, might be formed in coincidence with an AB product that is more likely to occupy a low vibrational level, and vice versa. The same reasoning applies to reactions of polyatomic molecules, with the further complexity introduced by one product (now a triatomic or larger molecule or radical) having more than one vibrational mode. This approach has been very successfully exploited by Liu and coworkers in a series of experiments studying reactions of the type X + CH 4 → HX + CH 3
and variants using different isotopologues of methane (CD 4 , CH 2 D 2 , CHD 3 ).
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X is one of various possible reagents, X = F, Cl, O( 3 P) or OH, and the methyl radical product is probed by REMPI and VMI. [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] The REMPI spectra of CH 3 and isotopologues are sufficiently well characterized for experiments to detect radicals in specific rotational and vibrational quantum states.
The correlated motions of the products of a reaction should provide insights into the motions taking place in the transition state region of a chemical reaction, a region of the reaction pathway that is traversed in times as short as ~100 fs. In the exothermic reaction These CMB and VMI experiments to determine pairwise correlations are successful for a few key reasons: (i) the collision energy is very well defined using crossed or dual molecular beams; (ii) the methyl radical REMPI spectrum is sufficiently sparse in structure -in part because of the small number of vibrational modes of this tetra-atomic radical -that a laser can be tuned to ionize a single ro-vibrational quantum state; (iii) the HX co-product has widely spaced vibrational levels, the energies of which can thus be clearly resolved by observation of the KE of the methyl radical. More generally, polyatomic molecule reactions will not satisfy all these conditions: for example, larger radical products with more heavy atoms will have dense REMPI spectra, with overlapping bands from vibrational ground state and excited species. The study of these reactions will not, therefore reveal such exquisite detail as is possible for reactions such as the X + CH 4 systems; nevertheless, much can still be learned about the dynamics of the reactions of these larger molecules, as will be shown below.
The ionization potentials of many hydrocarbon and other organic radicals (denoted here as R) are sufficiently low that a vacuum UV laser (e.g. an F 2 laser at 157 nm) can be used in a one-photon ionization scheme combined with VMI detection. Suits and co-workers have exploited this strategy to good effect in studies of the scattering dynamics of a number of reactions of the type
with X = O( 3 P), Cl and CN, and RH = butane or larger hydrocarbons, and selected alcohols. [75] [76] [77] [78] These experiments have used both dual beam and, more extensively, crossed molecular beam techniques, and, in some instances of Cl-atom reactions, have been combined with 2+1 REMPI detection of the HCl co-product. 79 From the experimental images, CM-frame angular scattering and KE release data are derived, and the latter information can be used to extract distributions of internal energy of the products. One shortcoming of the method is that the VUV probe light can also photodissociate the RH molecule to produce radicals, giving a strong background signal at the velocity of the RH molecular beam that may obscure part of the velocity map image of the reactive scattering products.
The reactions of CN radicals with butane, pentane, hexane and cyclohexane to make HCN and an alkyl radical provide a recent illustration of the information that can be derived from the crossed- In our own laboratory, and in our collaborative work with Kitsopoulos and colleagues, the emphasis has similarly been on studies of reactions of polyatomic molecules including hydrocarbons, hydrocarbon analogues, and various other classes of organic molecules, including alcohols, alkyl halides, ethers and cyclic ethers. [80] [81] [82] [83] [84] [85] [86] [87] [88] [89] Our prior work demonstrated rich dynamics of these compounds in H-atom abstraction reactions with Cl atoms associated with the low barriers to reaction, and weakly bound complexes on the reagent and product sides of the transition state region. In addition, the low energy release and resultant slow separation of products, allows reorientation by rotational motion to occur as the products separate and long range interactions play a part in the partitioning of the available energy into rotational degrees of freedom. In all cases, the strategy for investigation of the scattering dynamics has been to probe the HCl product with quantum-state specificity using REMPI and VMI. For experimental convenience -driven by limitations on the amount of reactive signal observed in the experiments -the PHOTOLOC and dualbeam experimental strategies have been the methods of choice.
The reactions of Cl atoms with ethane, neopentane, tetramethyl silane (TMS), and the cyclic ethers oxirane (C 2 H 4 O) and oxetane (C 3 H 6 O) were examined using the PHOTOLOC method in our laboratory, and Brouard and coworkers have studied the reactions of Cl atoms with methane, ethane and butane. [47] [48] [49] Analysis of images using the Legendre moment (LM) method 47 generally revealed broad scattering over all angles in the CM frame, in some cases with pronounced dependence on the HCl(v=0,J) rotational level probed by REMPI, and estimates of the distributions of product translational energy were also made. The images are characterized by a product LAB frame speed distribution, P(v), and a speed-dependent anisotropy parameter, β(v); the former is obtained from analysis of the radial dependence of the images, and the latter from the angular dependence, which varies with distance from the image centre. It is these distributions that are fitted in the LM analysis method and inverted to give CM-frame scattering data. In our experience, the numbers of radial and angular functions (Legendre polynomials in the latter case) that can be incorporated reliably in the fits is limited, and fits employing more than 3 -5 functions in the radial and angular parts result in non-physical oscillations in the resultant distributions. This limitation is, in part, a consequence of the distribution of collision energies that accompanies a PHOTOLOC experiment, even if the experiments are carried out in the low-T environment of a supersonic expansion. 90 Care must therefore be taken to test the fitting procedure using different numbers of radial and angular polynomial functions to ensure the robustness of the outcomes.
We focus here on the results of dual beam experiments, and note that one test of the results from this method is that the derived CM-frame scattering distributions (both in scattering angle and product speed) can be used to compute the P(v) and β(v) distributions that would be obtained from the alternative PHOTOLOC method. This computation involves inversion of the PHOTOLOC image analysis equations, and allows a direct comparison between data obtained by both experimental methods. More recent results from a dual beam and VMI experiment in our laboratory illustrate a potential problem with the experimental technique. Data were obtained for the reaction of Cl + C 2 H 6 , using photolysis of Cl 2 at a wavelength of 355 nm in one molecular beam, and reaction with ethane molecules in a skimmed molecular beam located 17-mm above. 93 The dual beam data were contrasted with CMB and VMI data for the same reaction from Suits and coworkers; 79 both experiments employed (2+1) REMPI detection of the HCl(v=0,J) products. Although the DCS data agree in the forward scattered direction, the dual-beam experiments appear to undercount the backward scattered products. These backward scattered products move more slowly in the LAB frame than do the forward scattered products, because for backward scatter the CM-frame velocities oppose the centre-of-mass velocity vector. The experiments are therefore conducted over a range of time delays between the photolysis and probe laser pulses to minimize any bias against slower or faster moving products (essentially using an experimental method to correct for density to flux conversion effects). Extensive Monte Carlo simulations of the experimental method, which incorporate parameters describing the molecular beam expansions, laser pulses and locations, reaction energetics, CM-frame scattering, etc., show no clear-cut reason for the bias. By process of elimination, it is therefore attributed to secondary collisions of the products with the skimmed molecular beam of RH molecules; the slower-moving backward scattered products spend longer within the volume swept out by this molecular beam before REMPI detection than do the forward scattered products, and are thus more prone to further collisions that might scatter them away from the probe laser region. Possible remedies to this problem include use of more dilute molecular beams, seeded in He carrier gas to reduce collision cross sections, lower backing pressures behind the nozzle orifices, and smaller diameter skimmer apertures.
Two approaches have been developed to correct the recent dual beam data for this underdetection of products scattered into the backward direction. A pragmatic strategy is to calibrate the under-detection by comparing dual beam data for the Cl + ethane reaction with CMB and VMI data from Suits and coworkers, and to use the resultant scattering-angle dependent calibration function to correct images for other reactions. The validity of this method can be tested by use of the corrected DCSs to simulate single-beam PHOTOLOC data, as was discussed above. An alternative approach is to model the depletion of backward scattered products within the Monte Carlo simulation of the experiment, using a depletion factor that depends on the computed time spent within the zone of the RH molecular beam; 93 this time depends on the LAB frame speed, and thus on the CM-frame scattering angle.
Quantum mechanical effects in chemical reactions
Many even for the H + D 2 reaction, with light atoms for which QM effects might be expected to be most pronounced, most experimental data can be reproduced with QCT calculations on a state-of-the-art PES. 94 In the case of reactions of polyatomic molecules, generation of a multi-dimensional PES of sufficient accuracy for the outcomes of trajectory propagation to be compared meaningfully with experiments is a considerable challenge, and the QCT calculations will not constrain the vibrational energy content in the many degrees of freedom to remain at or above the zero-point energy level.
Both these problems can be addressed, however, allowing comparison of QCT calculations with experimental data for reactions such as Cl + C 2 H 6 → HCl + C 2 H 5 . In this particular case, our calculations used a semi-empirical Hamiltonian to generate PE points "on-the-fly" at molecular configurations sampled by individual trajectories, and were thus able to propagate trajectories from reagents through to products without computation of a global PES. Detailed discussions of types of scattering resonance can be found in, for example, the recent review of bimolecular scattering dynamics by Yang. (1) CH 3 + HCl → CH 4 + Cl( 2 P J ) (12) in which the PES correlates adiabatically only to Cl atoms in their ground spin-orbit state, Cl( 2 P 3/2 ).
Production of spin-orbit excited Cl*( 2 P 1/2 ) atoms requires a non-adiabatic transition to a higher-lying PES, and REMPI detection of Cl atoms demonstrated a branching ratio of 15% for the Cl* products at a mean collision energy of the reagents of 93.3 kJ mol -1 . 96 The PHOTOLOC method was employed by Retail et al. in combination with VMI of both Cl and Cl* atoms to demonstrate indistinguishable scattering dynamics for the two channels of reaction (12), from which it was deduced that the nonadiabatic couplings between PESs occur on the products' side of the barrier to reaction. 97, 98 Work is in progress in our laboratory to study the effects of collision energy on the non-adiabatic transition probabilities, using dual-beam and VMI methods. 
Ion-molecule reactions
The discussion so far has concentrated on reactions of neutral species (atoms, molecules and radicals), for which one of the products must be ionized by REMPI or one-photon VUV absorption prior to accumulation of a velocity image. Reactions of atomic or molecular ions with neutral species will however, produce a charged reaction product that can be projected onto a position sensitive detector by electrostatic fields without need for a laser excitation step. Guided ion beam and energy-selection methods can also be employed to prepare the reagents with well-defined collision energies, and to vary the collision energy to map out reaction excitation functions. Price and co-workers have, for example, used a delay-line position-sensitive detector to derive CM-frame scattering distributions for a number of reactions of doubly charged cations (dications) such as CO 2
2+
, CF 2 2+ and N 2
, which exhibit bond-forming, dissociative and electron-transfer pathways. 105 If two mono-cations are formed from a reactive collision, both can be detected in coincidence and their velocities measured; in the case of pathways forming three products, deductions can then be made about the velocities of the neutral third product by momentum conservation arguments. 
Conclusions
This perspective article has illustrated the power of VMI methods for the detailed study of the dynamics of reactive collisions of isolated, gas-phase atoms, radicals, molecules or ions. The level of information extracted from these experiments is unprecedented for bimolecular reactions, and provides profound tests of theoretical and computational studies of chemical mechanisms. As VMI methods develop further, employing detectors that resolve 3D velocity information, and crossed molecular beam machines reduce in size and complexity -an advantage of a fixed detector that collects products from all scattering angles simultaneously -the scope for many further such studies will be greatly increased. The discussion in this article has focussed on single pathways for a chemical reaction, leading to a particular set of products, but many reactions exhibit branching to multiple, chemically distinct product channels. Such competition between reaction pathways is most evident for radical species, many of which have been studied by traditional CMB and MS methods. If VMI methods can be coupled with laser detection of multiple products and massresolution without loss of the multiplexing advantages that are characteristic of the technique, there is great potential for further investigation of these multi-channel reactions. Multi-mass imaging methods, in which images are accumulated for products of different masses simultaneously, are currently in development, using a range of strategies, and may provide the necessary experimental capabilities. [107] [108] [109] [110] Although 3D VMI is now well-established, and has been used to very good effect in studies of bimolecular reactions, the additional dimension of time remains to be exploited effectively. VMI with ultrafast (fs -ps) time resolution has proven to be a powerful combination for the study of molecular photodissociation and photoionization mechanisms, 111, 112 but is more challenging to implement for bimolecular collisions because of the ill-defined -and very long compared to the ultrafast timescale -interval between creation of reagents and collisions that lead to products.
Constraining reactions to occur within clusters produced by supersonic expansions through pulsed nozzles is a strategy that has been employed for bimolecular reactions, [113] [114] [115] [116] [117] but that has yet to be coupled with VMI and ultrafast laser methods for optimum experimental information. Such cluster studies also have the potential to provide a bridge between gas and condensed-phase reaction mechanisms. The comparison of dynamics in the gas and condensed phases can, in principle, be used to deduce the effect of a solvent on the features of a reactive PES such as barrier heights and locations, and the couplings between PESs, but experimental studies of the dynamics of bimolecular reactions in liquid solution are sparse. As VMI methods extend to gas phase studies of polyatomic molecules, and ultrafast time-resolved infra-red spectroscopy methods explore further the dynamics of reactions in solution, [118] [119] [120] [121] [122] [123] [124] Illustration of the PHOTOLOC strategy combined with velocity map imaging to study reactive scattering. In the PHOTOLOC experiments,the sequence of events is: (i) expansion of a mixture of reagents through a nozzle into a vacuum chamber to form a molecular beam; (ii) the molecular beam is crossed by two overlapped and counter-propagating lasers, the first of which photodissociates one species to initiate reaction, and the second laser ionizes one reaction product;
(iii) the ionized products are extracted to a position sensitive detector with electric fields designed for velocity map imaging; (iv) the point of impact on the detector is recorded. 
